A method of processing GPR signals based on previously developed algorithms is proposed. The purpose of the study is to increase the accuracy of thickness measurements of near-surface thin layers of multilayer structures. The main idea of the method is to layer-by-layer restoration of physical and geometric characteristics of plane-layered media, for example, car coverings. As a result, with the help of numerical modelling, the operability and practical effectiveness of the proposed method was established. In addition, schemes for the practical implementation of this approach have been proposed for the processing of sounding data of pavement structures using a pulsed ground-penetrating radar "TRF-1". The use of additional procedures, for example, GPR calibration based on data obtained by core sampling, also improves the reliability and accuracy of assessing the current state of road pavements.
INTRODUCTION
In many practical problems non-destructive testing of multilayer coatings that have thin nearsurface layers is needed [1, 2] . By the term 'thin layers' we mean layers that thickness and other characteristic dimensions are commensurable or less than the resolving power of the diagnostic tool. The characteristic dimensions can be determined primarily by the physical properties of the materials, and in some situations by the dimensions of the surface irregularities [3] . In this case, the correct choice of diagnostic tools and data processing methods become particularly important. Universal methods and technical means for solving this problem for all possible cases do not currently exist. This is due to the peculiarities of the corresponding physical processes that are used in the diagnosis. Therefore, we will consider the solution of this problem with a concrete examplecontrol of the current state of the pavement of public roads. In the road surfaces, the upper layers (asphalt concrete) usually have a thickness of 4 up to 7 sm. The total thickness of the asphalt concrete can be up to 20 cm or more. The most effective tool for solving the problems of measuring the pavement layer thickness are georadars [4] [5] [6] [7] . In addition to the possibility of non-destructive diagnostics, they have such important advantages as the ability to obtain and process data when the vehicle-laboratory moves with the speed of the traffic flow [8] . The diagnostic tool in the georadar application is the irradiated electromagnetic wave (most frequently Ultrawideband pulse -UWB). Carriers of useful information are waves reflected from inhomogeneities (external and internal boundaries, inclusions). The difficulties in solving the diagnostic problem in this case result from the presence of dispersion properties in electromagnetic waves. Difficulties are associated with the dependence of the attenuation of electromagnetic waves on the frequency and the electro physical properties of the layer materials. The problem is that the specific losses of the base layers (subgrade, base, subbase) and building materials of the upper layers are smaller for longer wavelengths, while the resolution is higher for waves with a shorter wavelength [9] . Sometimes two GPR are used to overcome these difficulties. One of antenna unit is placed in front of the laboratory car, and the other is placed behind the car or placed on the same cart [10] . In this case, the problem of their electromagnetic compatibility arises. This also complicates the use of so-called georadar lines for simultaneous scanning of the whole lane on the road [11, 12] . Earlier, the authors presented a method of assessment the thickness of the road pavement layers, provided that the upper layer of the pavement has a small thickness (the optical path length in the material) [13] . It was pointed out that the measurement accuracy could be improved by using algorithms developed earlier. The key feature of the proposed method was the UWB signal and the introduction of a correcting factor in the calculation of the reflection coefficient from the outer and inner boundaries of the plane-layered medium.
However, the problem of developing a computational algorithm allowing the necessary correction automatically still remains unsolved. Therefore, the goal of this paper is to create an algorithm of processing GPR data and software, which allows accurate calibration in the real time to determine the true value of the layers thickness. Ultimately, the obtained results will create the basis of methods to improve the reliability of assessment the road pavement condition.
THEORETICAL BACKGROUND AND THE PROBLEM STATEMENT
The general problem of the current road pavement condition assessment is as follows. With the help of a UWB GPR, sensing of the pavement is carried out and then data is processed by the software "GeoVizy". The values of the layer thickness and the layer material relative permittivity ( ) are used as informative parameters evaluated applying reflected pulse signal processing. Data processing with the help of specialized programs allows to estimate the general pavement strength parameters. The analysis of the values enables to assess the condition of the layer materials. This ultimately enables evaluation of the residual pavement lifetime. In [14] the general ideas of the normalization of reflected signals were briefly considered to study the possibility of increasing the accuracy and reliability of non-destructive testing with GPR. This work contains the development of these ideas, and their generalization to the case of other antenna unit. Fig. 1 explains statement of the problem. The ultra-wideband (UWB) probing pulse of the GPR falls normally to the outer surface of the studied plane-layer medium from the upper free half-space ( The previously proposed data processing procedure [6, 8] is implicitly based on the assumption that the Fresnel formulas [14] for calculating the reflection and transmission coefficients of waves across the interface between two media are also valid for impulse signals. In this case (normal incidence) for the reflection 
According to the algorithm [6, 8] formula (1) allows to calculate value 1 :
Before GPR data can be processed, a sensing signal must first be recorded. It can be done by laying a metal plate underneath the air launched antenna unit and having registration.
Since the reflection coefficient from the metal sheet is close to that 1 R , thanks to such a procedure, a pulse close to the probe pulse will be detected, but with a reversed polarity. After removing the metal sheet, reflection from the surface of the pavement is measured. The registration of these two signals allows us to calculate the reflection coefficient 1 , 0 R and using (3) to determine the 1 . Then one can use (2) to calculate the amplitude of the wave incident on the lower boundary of the first layer and passing back through the outer boundary to the antenna together with the delay 1 t measurement, i.e. the time of passage of the layer in two directions enables to determine the thickness of the upper layer:
where: c is light speed in free space. Then the procedure is repeated for the next layer. In [6] it was introduced the transfer function of the system of n layers. Such approach has the advantage of obtaining the transfer function of the n layers medium by multiplying their own transfer functions n P :
where:
During the signal processing, it is necessary to have a method for determining the exact moment of the maximum signal to calculate its propagation time between reflections. To solve this problem, we used two methods: the Hilbert transform [15] and (N-1) times repeated integration of GPR signals [16] (we take N = 2).
The direct Hilbert transform 
As for the repeated integration technique, unlike [16] we will use the one-times repeated integration procedure (OTRI). Obviously, in this case, at the "balance" points of the GPR pulse, its transformation will have roots (zeros). Points of "balance" are the moments of time when the area above the axis of abscissas is equal to the area of the signal under the abscissa. As one can see, the Hilbert transform shows two maxima (two boundaries) and OTRI-2 transformation curve has three roots, the curve crosses the axis three times (the studied medium is the same as in Fig. 2) .
Next, we consider the real pulse signals of GPR. Fig.4 shows the pulse of the antenna block AB of the "Odyag" georadar (S) reflected from the metal sheet (a) and the signal (S) reflected from the road surface (b) together with the results of the Hilbert transform (1) and OTRI (2). As one can see, more than one maximum of the Hilbert transform (1) and several "sets" (R, r 1 , r 2 ) of the OTRI (2) roots of transform correspond to the main signal, even when reflecting from the metal sheet.
One of the reasons of this result is the design of the antenna unit. The fact is that the differential antenna system using electric fields compensation to decouple the GPR antennas [6] is applied in the «Odyag» and «TRF-1» georadars. Antenna unit of the GPR "TRF-1" is shown in Fig.5 . The UWB pulse is radiated by one transmitting dipole antenna, and the reflected signal is received by two receiving dipole antennas. The «arms» of these antennas are connected symmetrically (left bottom to right upper and vice versa) to ensure the symmetry of the receiving channel. The optimization of the distance between receiving antennas in this case is an independent problem, the solution of which was obtained earlier.
On the basis of these data, it can be concluded that each return signal arriving at the receive path is a superposition of two signals shifted in time. This opens up additional possibilities for creating algorithms for processing sensing data.
Since achieving perfect symmetry between the receiving antennas has turned out impossible, the procedure of recording the feedthrough signal (transmitting antenna signal that has been received by the receiving antennas due to small symmetry violations between the receiving antennas) is used for a more accurate assessment of the layer thickness and the permittivity values of materials. This signal is recorded in absence of the objects near the antenna (Fig. 6 ). Then this signal is subtracted from the entire radargram and thus, we obtain a relatively clear signal reflected from the sensed structure.
In particular, a calibration point to the first root of the one-time repeated integration procedure can be automatically assigned to determine the value of the dielectric permittivity of the upper layer, but not the first maximum of the Hilbert transform [15] . For experimental verification of the proposed treatment method, a series of experiments were carried out on the reference structure. First of such constructions was brickwork of different thickness Fig.7 .
During the experiments, the dielectric permittivity of the first layer have been determining in accordance with the formula (3), and further the layer thickness have been determining due to the specifying the delay 1 t and formula (4) . Since in both considered cases (Fig. 7) this thickness was known, the results were compared with the actual ones. As a result, the error in recovering the thickness of the brick wall was 5% in the case of one layer (12.5 cm, fig. 7 a) and 6% in the case of two layers (25 cm, fig. 7 b) . It should be noted that the measurements were carried out only using the basic formulas (3, 4) and without additional correction according to [7, 10] . Also, experiments were carried out on structures with thin layers. An examples of some of these structures is shown in Fig.8, 9 . As a result of numerous experiments and obtained data processing, it was found that when a thickness of the upper layer more than 10 sm. and a value 1 6 .0 or more, the value 1 can be determined quite accurately without special treatment if the steepness of the front of the UWB probe pulse's main lobe is not more than 0.5 ns. At the same time, if a thickness of the upper layer of 4 sm. ( 1 6.5 ), the standard processing algorithm used only Hilbert transform gives an inaccurate value of the dielectric permittivity. To solve this problem, computational experiments were carried out with the test pulses in the form of the second derivative of the Gauss function: Software "GeoVizy" was used for the simulation, because it allows not only to create virtual signals, but also to process them according to the algorithms proposed earlier. As an example, Fig. 8, 9 shows the results of the former semiautomatic mode and the new processing algorithm. Previously, when the "Min" button was pressed (step 1 in Fig. 10 ), the program automatically determined the first maximum of the Hilbert Batrakov DO, Batrakova AG, Antyufeyeva MS.: Combined GPR data analysis technique for diagnostics of … transform (for example, point 1 in Fig. 3a or "dt 0" in Fig. 10 ) and place (step 2 Fig. 10 ) a virtual cursor at this point on the time axis (point 2.4951 on the time axis in Fig. 8 ). Then (again in automatic mode), the reflection coefficient from the upper boundary was calculated and the value of the relative permittivity of the upper layer was determined from formula (3) (step 3 Fig. 10 ). In the second case (Fig. 9) , according to the proposed algorithm, calibration (determination of the value of the reflection coefficient from the upper layer) is performed not on the first maximum of the Hilbert transform, but on the first maximum of the signal. This point in the case of the test signal defined by formula (8) can also be determined as the first root (zero) of the first derivative of the function describing the signal distribution in time. As can be seen, in the first case (Fig.10 is the standard  processing) , the value of the permittivity is determined with a great error 1 = 7.55 instead of the correct 1 = 6.5. The error in this case is (7.55-6.5)/6.5*100=16,15%. In the second case ( fig. 11) , the error of determining the permittivity is (6.46-6.5)/6.5*100=0.61%. Fig. 10 . Determination of the dielectric permittivity of the upper layer using the GeoVizy software (the former approach). Fig.11 . Determination of the dielectric permittivity of the upper layer using the GeoVizy software (proposed algorithm). Batrakov DO, Batrakova AG, Antyufeyeva MS.: Combined GPR data analysis technique for diagnostics of …
The next stage of the GeoVizy program is for determination of the thickness of the upper layer and the permittivity of the second layer. To do this, one should to activate the virtual generation mode of the signal reflected from all the lower layers (marked as the "signal 3" on the "Signal construction" panel), except the first one (step 2) and then to activate the virtual generation mode of the transmitting antenna signal (step 3), which reached the second boundary (marked as the "signal 4" on the "Signal construction" panel). These signals are shown in Fig.12 and marked with numbers 2 and 3, respectively. The thickness of the first layer under the standard processing algorithm is determined as 3.7 sm. (the error is (4-3.7)/4.0 *100=7.5%). In the second case, the determined thickness is 4.006 sm. (the error is (4.006-4.0) / 4 * 100 = 0.15%.). Thus, the error values of the key parameters recovered from the processing data differ in these two cases by more than 20 times. The value of the permittivity of the second layer is also automatically determined. The standard processing gives value 2 = 5.24, while the proposed processing algorithm provides the result 2 = 4.5. As can be seen, the error increases with processing, which is quite natural. In the standard approach of the processing, the error of the determination of 2 is (5.24-4.3)/4.3*100 = 21.86%, but the error of the proposed algorithm is (4.5-3.3)/ 4.3*100 = 4.65%. If necessary, it is possible to carry out further recovering of the dielectric permittivity values of the lower layers on the basis of the developed models (1) (5). It is clear that for the diagnosis of deeper layers, more advanced processing methods and technical means or a combination thereof are needed. This is due to both the accumulation of errors in the process of the multi-step recovery algorithm, and the difference between the real process of propagation of pulse signals and analogous processes within the framework of idealized models. The authors hope to present some results in this direction later.
CONCLUSIONS
UWB signals of pulsed georadars and appropriate methods of processing the obtained information are an effective tool for solving important applied problem of diagnostic and remote sensing. When assessing the current condition of road pavements using pulsed UWB GPR, a number of difficulties arise due to the presence of a small electrical thickness layers in the construction of the upper layers. Previously developed methods either give a big error, or require high qualification of the georadar operator and the use of additional information. An effective tool for increasing the accuracy of measurements is the proposed method for normalizing reflected signals with subsequent processing in accordance with previously developed algorithms. A key feature of the proposed approach is the correct choice of the normalization region of the UWB signal reflected from the medium and the introduction, if necessary, of a correction coefficient. This may be necessary to improve the accuracy of measuring the reflection coefficient from the outer and inner boundaries of a Batrakov DO, Batrakova AG, Antyufeyeva MS.: Combined GPR data analysis technique for diagnostics of … plane-layered medium. As a result based on the computational and laboratory experiments, the operability and effectiveness of the proposed algorithm have been demonstrated. Examples of the proposed approach application for data processing of pavement structure condition control using GPR are also given. The use of an additional calibration procedure based on the data obtained by core sampling also improves the reliability and accuracy of the assessment of the current road pavement condition. As directions for the further development of the proposed method and technical means, one should point out the possibility of improving the quality of signal processing by invoking methods for solving inverse problems for the sensing with different informative parameters [20] [21] [22] [23] , as well as expanding the capabilities of applications for the detection and positioning of various inhomogeneities [24] [25] [26] .
